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REPAIR OF PHOTOLITHOGRAPHY MASKS BY SUB-WAVELENGTH 
ARTIFICIAL GRATING TECHNOLOGY 

BACKGROUND 

[0001] The present invention relates generally to photolithography masks, and 
more particularly to methods to fabricate photolithography masks. Still more 
particularly, the present invention relates to methods to repair defects in material 
substrates used to fabricate these masks. 

[0002] Lithography is a process by which the pattern of a lithography mask is 
transferred to a layer of resist deposited on the surface of the semiconductor wafer. 
Photolithography is a variation of lithography techniques whereby ultra-violet (UV) 
radiation is utilized to expose a resist layer. 

[0003] The lithography mask used in photolithography is generally known as a 
photomask, which is used to expose resist in selected areas. Typically, it consists of 
chrome areas supported by a high-quality quartz plate. The former is opaque to UV 
radiation, while the latter is transparent to UV radiation. By selectively exposing 
areas of oxide deposits on a wafer, and after a number of subsequent steps including 
but not limiting to etching and doping, semiconductor integrated circuit (ICs) 
devices may be developed. 

[0004] As IC device becomes more complex and compact, precision in 
photolithography is increasingly required. One demand is to reduce the nunimum- 
feature size of these devices, which in turn requires a proportional reduction in 
mask minimum-feature size. However, as the mask minimum-feature size becomes 
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smaller, defect size also becomes smaller. Unfortunately, even a small, undetected 
defect may cause fatal defects in the final photolithographic image printed on the 
wafer-substrate. Since the occurrence rate of most defects is roughly inversely 
proportional to defect size, as mask minimum-feature size becomes smaller, the 
number of fatal defects increases in mask production. 

[0005] In photomasks produced for the ''phase-shift photolithography" 
technology, defects may be cause even more problems because of the required 
additional processing associated with etching of steps into the quartz substrates. 
Therefore, in addition to surface pits originating from voids in the original quartz 
substrate material, surface pit defects can be easily produced during the quartz- 
etching steps of phase-shift mask fabrication. 

[0006] In most cases photomasks are required to be perfect. It is well known in 
the industry that as a result of defects, yields of masks for advanced devices can be 
so low that the concern goes beyond price. Indeed, many, if not most advanced 
photomasks require reworking to repair defects before they are deemed acceptable. 

[0007] Several pit defect repair techniques have been developed, and some of 
them are illustrated in FIGs. 1-3. In FIG. 1, a photomask 100 has a quartz pit defect 
102 that is filled with deposited material 104, which has a refraction index that is 
close to the refraction index of quartz. A probe 106 is used to remove excess 
material. FIG. 2 shows another technique in which the original pit 102 is deepened 
to a two-pi depth 108. FIG. 3 illustrates still another technique, cutting one or more 
steps 110 to surround the pit. 
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[0008] However, ail tlxese techniques £ire siow and expensive, primarily due to 
the time required for removing a certain amount of substrate material. What is 
needed is an improved method for repairing mask quartz defects. 

SUMMARY 

[0009] In view of the foregoing, this disclosure provides a method for defect 
repair in the material substrates that are used to fabricate photolithography masks 
that are in turn used for making semiconductor IC devices. After determining 
topographical irtformation of a defect on a mask, one or more grating repair 
specifications are determined based on an optical simulation using the 
topograpliical information. In one example, one or more artificial grating areas are 
formed on one or more sides of the defect based on the grating repair specification, 
wherein the artificial grating areas are no wider than a predetermined wavelength 
used for photolithography in which the mask is used, and wherein the artificial 
grating areas change the effective refractive index of a localized area encompassing 
the defect so that the defect does not cause undesired image printing when the mask 
is exposed to a light source of the predetermined wavelength. 

[0010] Various aspects and advantages will become apparent from the following 
detailed description, taken in conjunction with the accompanying drawings, 
illustrating the principles of the disclosure by way of examples. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIGs. 1 to 3 illustrate conventional photomask damage repair methods. 

[0012] FIGs. 4A-D illustrate an improved method for repairing a pit defect in a 
quartz photomask in accordance with one example of the present disclosure. 
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[0013] FIG. 5 illustrates the relationship between the aerial intensity and 
corresponding phase change in accordance with one example of the present 
disclosure. 

[0014] FIG. 6 illustrates the relationship between a phase change and groove 
depth for various fill-factors in accordance with one exanaple of the present 
disclosure. 

[0015] FIG. 7 is a tabulation of diffraction grating depth against fill fact in 
accordance with one example of the present disclosure. 

[0016] FIG. 8 illustrates an improved relationship between the aerial intensity 
and phase change from the probe in accordance with one example of the present 
disclosure. 

[0017] FIG. 9 is a flow chart illustrating the repair steps in accordance with one 
example of the present disclosure. 

DESCRIPTION 

[0018] The present disclosure provides an improved method for repair mask 
defects by modifying reflection and refraction from optical surfaces by adding 
grating areas around a defect. The presence of an artificial diffraction grating with 
dimensions below the photolithographic exposure wavelength (a so-called sub- 
wavelength grating) produces the effect of reducing the refraction index in the 
immediate area of the grating. By forming (e.g., cutting into the substrate) a suitable 
grating area near a localized defect, the localized defect is not going to generate any 
"ghost image" during a photolithographic exposure step so that the damaged 
photomask is effectively repaired. In the following description, a quartz mask is 
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used as an example for illustration purposes, and it is understood that other mask 
substrate materials can also be used such as CaF2. Further, in the examples shown 
below, only one particular type of defects, i.e., mask pits, is used, but it is also 
understood that the same repair concept may be applicable to other types of mask 
defects as long as the grating areas causes the change of the effective refraction index 
of the localized area in which the defect is located after the repair work is done. 

[0019] FIGs. 4A-4D illustrate how one localized defect (e.g., a pit) of a damaged 
photomask is repaired in accordance with one example of the present disclosure. In 
FIG. 4A, it is assumed that the photomask 100 has been almost completed through 
the industry standard photomask fabrication process. FIG. 4A shows an area of the 
photomask 100 that has a pit defect 102 on the surface of the quartz substrate. This 
pit defect could have been a void in the original quartz material, or it could have 
been accidentally produced during fabrication of the photomask. Pit defects are 
especially likely for photomasks used in phase-shift lithography, whose processing 
includes the etching of steps into the surface of the quartz substrate. 

[0020] FIG. 4B shows the formation of the first groove 112 of the grating using a 
probe-tip 106. FIG. 4C shows the cutting of the last groove 114 of the grating. FIG. 
4D shows the finished diffraction-grating 116 and adjacent pit defect. For simplicity, 
the grating is shown to have only three grooves, but it is understood by those skilled 
in the art that the actual number would typically be larger. 

[0021] Since the tip-wear is mainly a function of the volume of the quartz 
removed, cost savings may be attained given that the fabrication of the surrounding 
diffraction-grating is relatively easy. The diffraction-grating should also be 
deliberately designed so as to minimize the volume of quartz removed. Compared 
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to other repair methods, smce the volume of quartz removed is much less, time and 
tip-wear may be saved. 

[0022] For illustration purposes, it is assumed that a photomask 100 has a simple, 
rectangular-shaped pit whose width is 2400nm and whose depth is SOnm. However, 
it is understood by those skilled in the art that when these dimensions apply to the 
actual photomask, they are typically multiple times (e.g., 4X) larger than the final 
on-wafer dimensions. The assumed photolithography wavelength is 193nm. In 
practice, the detailed pit information and its repair information (or pit-morphology) 
can be determined by several methods such as using simulation tools and/ or an 
atomic force microscopy tool (AFM). 

[0023] Using conventional simulation tools Icnown in the industry, the computed 
aerial intensity and near field phase information for the image of the pit defect are 
given in FIGs. 5A and 5B. It is notable that light intensity reduces significantly at 
two sides of the pit. That reduced energy might inadequately expose the final wafer 
resist at these points. The phase difference as shown clearly indicates that tliis defect 
could lead to imaging defects such as the "ghost image" problem at certain locations. 

[0024] The present disclosure provides a method to place diffraction-gratings to 
add enough light having the proper phase-angle at these locations such that light 
intensity will be sufficient to properly expose the resist or avoid the huge phase 
difference. Practically, as a rule of thumb, simulation may begin with a phase 
change that, when subtracted from the defect phase-angle, gives a resultant phase- 
angle less than 60 degrees (approximately 1 radian). 
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[0025] The phase angle of the defect is the phase-difference A0 associated with 
the difference in path-length between two adjacent ray paths, one just inside the pit 
and the other just outside the pit, is given as follows: 



where 

D = pit depth 

= refractive index of quartz (1.5621) 

«Q = refraction index of air (1.0) 

/I = photolithographic light source wavelength (193nm) 

[0026] According to the previous example, A0 = [Itt /193] x 80nm x (1.5621-1) 
1.464 radian = 84 degrees. 

[0027] Based on the previous discussion, it is desirable to bring the resultant 
phase angle under 60 degrees, therefore, a phase change of approximately 24 
degrees (0.42 radians) is sufficient. To summarize, the light from the diffraction 
grating, when superimposed with light from the defect, should result in light from 
the combined grating and defect that is close enough (within 60 degrees) to be in 
phase with the main beam of exposing light so that the dips in the aerial image of 
Fig. 5 will not be as prominent. As such, the phase change AO needed is 
determined. 
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[0028] The phase change AO can also be mathematically represented as below: 



. _ 27id . . 



where 



d = groove depth 

= refractive index of the substrate 
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= effective refractive index of the grating 

A = photolithographic light source wavelength (193nm) 

[0029] FIG. 6 graphically illustrates the relation between the phase change, AO , 
the grating groove depth, d, and the fill-factor,/. The fill factor is the fraction of the 
photomask surface inside the diffraction-grating that remains undisturbed ("filled'' 
with quartz) after the grooves are cut, which is given by: 

/=a - s)/A 

where 

s = the ''grating space" (groove width) 

A = the grating pitch (center-to-center or side-to-side groove 

spacing) 
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FIG. 7 is a tabulation of values showing the relation between the fill factor, the 
grating depth, and the phase change. 

[0030] It can be seen from Fig. 6 that multiple repair solutions can be found for any 
particular phase change value in terms of the geometric specifications of the grating 
area. For example, when the phase change is at 0.2, since there are five different 
lines associated with five different fill factors, there are five repair solutions. For 
selecting the best combination of the groove depth, the grating space, the grating 
pitch, some comparative calculations and/ or simulations may be done to see which 
one gives the best for the repair result. For example, if the grating space is kept at 16 
nm, once the fill factor is picked, the grating pitch is determined. As a result, the 
grating repair specifications for the pit in the mask quartz are all determined. 
Referring to FIG. 6, it is notable that the groove depth is associated with fill factor, 
and to the extent possible, the less groove depth is selected, the more advantageous 
it is since the volume of quartz removed can be minimized. 

[0031] FIG. 8 illustrates the adjusted simulated aerial intensity and near field 
phase information for the combined pit and the adjacent diffraction-gratings. In 
this case the intensity of the exposure light is reasonably constant, i.e. the defect 
would not print. In this example, it can be seen that a groove depth of 16nm will 
give a proper phase-shift so that the pit is not going to cause the ghost image. The 
number of grooves in the grating would be chosen so that the width of the whole 
grating area is sufficient to result in a satisfactory final phase shift as indicated by 
the step width at roughly the 0.2 radians line level. As such, from the simulation, 
the width of grating area can be estimated. 
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[0032] In practice, a more common example would be a small pit defect that 
might be surrounded on all four sides by gratings in order to repair it. The final 
repaired damage area is a part of a localized area in which the grating areas 
surround the damage area. Optical simulation from the final topology would be 
necessary before the repair is deemed to be complete. When the wavelength of the 
lithography process is under 193 nm, the mask repair work as described above 
become very important for the production of semiconductor manufacture processes. 

[0033] FIG. 9 illustrates a flow chart 900 for the disclosed repair method. In step 
902, a photomask which has completed the main steps of the photomask fabrication 
process is used. In tills inspection step, the photomask is checked for defects. It is 
notable that indeed many, if not most advanced photomasks require reworking to 
repair defects before they are deemed acceptable. In step 904, a detailed map is 
constructed for each defect's precise location. The map is then transferred to the a 
repair system where the repair of fatal defects will take place. It is understood that 
the repair system may be integrated with the AFM platform. 

[0034] After moving the photomask to the repair system, in step 906 a particular 
defect (e.g. the surface quartz-pit in one example) must first be re-located by the 
AFM. Next, in step 908, detailed pit morphology is determined by using the AFM. 
This pit morphology information is next fed into the optical simulation computer 
system in step 910. Based on the pit morphology information, the grating 
specifications are identified. In step 912 the photomask specification is fed back to 
the repair system for making the grating. In step 914, the sub-wavelength artificial 
diffraction grating is actually cut into the surface of the quartz photomask by using 
the repair system in material-removal mode. Finally, in step 916, the AFM is used 
in mapping mode to determine the morphology or the modified topographical 
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information of the actual resultant pit and adjacent grating. In step 916, the detailed 
morphological information can be analyzed in the optical simulation system to 
confirm that the results are as intended and the defect in effect repaired, i.e. that the 
image of the defect will not print during the photolithographic process. 

[0035] In practice, computational steps 910 and 916 are optional, and may be 
omitted based on experience with previous successful results. Alternatively, this 
diffraction-grating could be formed by using any other nanofabrication technique 
known to those sl<illed in the art. 

[0036] The above disclosure provides different embodiments, or examples, for 
implementing different features of the invention. Specific examples of components 
and processes are described to help clarify the invention. These are, of course, 
merely examples and are not intended to limit the invention from that described in 
the claims. 

[0037] While the invention has been particularly shown and described with 
reference to the preferred embodiment thereof, it will be understood by those skilled 
in the art that various changes in form and detail may be made therein without 
departing from the spirit and scope of the invention, as set forth in the following 
claims. 
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